Poliovirus in fecal homogenates was used to determine the protection against inactivation by chlorination afforded virus that was occluded within particulates. Virus that was closely associated with or occluded within small fecal particulates was protected. A fourfold increase in combined residual chlorine was required to achieve the same degree of inactivation for occluded virus as for free or secondarily adsorbed virus. A combined chlorine residual of 6.6 mg/liter was necessary to achieve 50% inactivation in 15 min at pH 8.0 and 220C in a particulate suspension containing occluded virus compared to 1.4 mg/liter for free virus. These differences were found to be relatively small compared to differences due to the presence of dissolved organics or between free and combined chlorine residuals. The results suggest different mechanisms of protection due to adsorption and occlusion.
Poliovirus in fecal homogenates was used to determine the protection against inactivation by chlorination afforded virus that was occluded within particulates. Virus that was closely associated with or occluded within small fecal particulates was protected. A fourfold increase in combined residual chlorine was required to achieve the same degree of inactivation for occluded virus as for free or secondarily adsorbed virus. A combined chlorine residual of 6.6 mg/liter was necessary to achieve 50% inactivation in 15 min at pH 8.0 and 220C in a particulate suspension containing occluded virus compared to 1.4 mg/liter for free virus. These differences were found to be relatively small compared to differences due to the presence of dissolved organics or between free and combined chlorine residuals. The results suggest different mechanisms of protection due to adsorption and occlusion.
The presence of viruses in treated wastewater and receiving waters has led to concern about long-range transport of human viruses in the environment. The fact that viruses can survive wastewater treatment and chlorination has led to speculation on how they escape inactivation. One means of protection may be the occlusion of virions within particulate matter.
Viruses adsorb to organic and inorganic solids under many conditions (2, 9, 13, 14, 18) and retain their infectivity (10, 12) . There is evidence that some viruses adsorbed to clays and organic solids are afforded protection from inactivation by chlorine (J. C. Hoff, paper presented at the Conference on the Evaluation of Microbiology Standards for Drinking Water, 13-14 April 1977 , EPA Office of Water Supply, Washington, D.C.) and seawater (6, 15) . However, data are not available on the additional protection that may result when viruses remain occluded within fecal particulates, the form in which they are introduced into the sewerage system. The objective of this study was to quantify the protection against chlorine inactivation afforded viruses that are occluded within or tightly bound to the original fecal material.
( A third preparation containing monodispersed virus was used. This was prepared from oral trivalent poliovirus vaccine (Lederle) passaged on HEP-2 cells and again on Buffalo green monkey kidney cells (4) . The suspension in a rosette cooling cell in an ice bath was sonicated (Branson Sonifier model W-350) for 15 min at 100 W using a microtip. The sonicated specimen was centrifuged at 30,000 x g for 1 h at 4°C, and the supernatant was passed through a 50-nm-pore-size membrane filter to obtain monodispersed virus. This was added to a portion of autoclaved PS to obtain a suspension of free virus and secondarily adsorbed virus. This suspension is termed the added virus suspension (AVS).
Virus assay. Virus survival after each treatment was measured by plaque assay on Buffalo green monkey kidney cell monolayers. Each 3.0-ml sample from the reaction flasks was immediately placed into a test tube containing 2.4 ml of casein eluant [tris(hydroxymethyl)aminomethane-buffered isotonic saline with 1.0 g of casein per liter, pH 9.0] and 0.6 ml of a 1.0-g/ liter Na2S203 solution. This mixture was sonicated to break up the solids and to enhance elution of the virions from the solids. Samples containing free virus were also sonicated so that the treatments would be comparable. Samples in rosette cooling cells immersed in an ice-water bath were sonicated continuously for 5 min using a microtip at 75 W.
Each sample was centrifuged at 30,000 x g for 30 min at 40C to remove any remaining bacteria. The supernatant was transferred into a tube containing 0.2 ml of streptomycin sulfate solution (200 mg/ml) and 0.2 ml of penicillin G (2 x 105 U/ml) and incubated at room temperature for 1 h. Samples were stored at -70°C until assayed.
A 0.5-ml aliquot of each sample or an appropriate dilution of the sample was added to each of four 25-cm2 tissue culture bottles containing a Buffalo green monkey kidney cell monolayer. Viruses were permitted to adsorb to the cells over a 2-h period on an electric rocker at 37°C. After the adsorption period, the liquid was decanted and the cells were overlaid with maintenance medium containing 5% fetal calf serum and 0.75% agarose. The cell cultures were incubated at 370C for 48 h, at which time a second overlay containing 4 x 10' g of neutral red per liter was added. Plaques were counted on day 3, and bottles were checked for additional plaques up to day 7 postinoculation.
Virus inactivation data were treated by probit analysis (5 
RESULTS
Time-course experiments were performed in which a given dose of sodium hypochlorite solution was added to the virus suspension, and the inactivation was determined at 0.5, 5, 10, 15, and 30 min after addition of chlorine. Samples were also taken just before chlorine was added. Virus inactivation from causes other than chlorination was determined by assaying 3.0-ml samples from untreated suspensions. The inactivation in the treated suspensions was corrected to show inactivation due to chlorination only. Both control and experimental suspensions were held at constant temperature of 22°C and mixed continuously with a magnetic stirrer.
The total residual chlorine was determined immediately after the 30-min sample was taken in the time-course experiments and after the 15-min reaction time in the dose-response experiments. Concentrations of free chlorine, monochloramines, and dichloramines were measured in several experiments, but these measurements were discontinued when it was found that virtually all of the residual chlorine at the end of each reaction was in the form of monochloramines. The one exception was in the case of the PS with low organics in the time-course experiment which had a free chlorine concentration of 1.0 mg/liter after 30 min.
The three viral suspensions challenged in the time-course experiment included a PS in autoclaved MF at pH 8.0, a PS in PBS at pH 8.0, and an MF alone. In this experiment, the effects of the chlorine demand of the medium and the effect of the particulate component could be detennined. A dose of 16 mg/liter was added to each suspension, and the results are shown in Fig. 1 . The solids-associated virus in the PS in autoclaved MF (high level of dissolved organics) showed less inactivation (53% in 30 min) than did the virus in the MF (79% in 30 min). However, the protection due to dissolved organics present in both preparations was an order of magnitude greater than the protection due to particulates. This is shown by the rapid inactivation in the PS in PBS (low level of dissolved organics), in which 90% of the virus was inactivated in 0.5 min and >99% was inactivated in 10 min. The fact that the inactivation curves were not linear with time suggests that a resistant VOL. 38, 1979 on November 6, 2017 by guest http://aem.asm.org/ Downloaded from HEJKAL ET AL. fraction was present in both the MF and the PS.
To quantify the apparent protective effect due to particulates, a series of dose-response experiments was done and the results were analyzed by probit analysis. In the first experiment, the inactivation of viruses in the BFH was compared to the inactivation in the MF after a 15-min reaction period (Fig. 2) . The curved lines are 95% confidence limits.
The virus in the BFH showed significantly less inactivation over the entire range of chlorine residuals between 0.70 and 16.5 mg/liter. The effective residual for 50% inactivation was 0.88 mg/liter for the MF compared to 4.0 mg/liter for the BFH. The slopes of the resulting probit lines were not significantly different, indicating similar modes of inactivation. The chlorine residual required to inactivate 50% of the virus in the BFH was 4.5 times that required by the virus in the MF.
An additional dose-response experiment was undertaken to determine whether the mere presence of an organic particulate phase or superficial adsorption of virions to particulates could afford protection from inactivation, or whether 
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The inactivation curves for the MF and the AVS were identical, and the two sets of data were combined for comparison with the PS. The combined probit line for the AVS and MF was substantially above that of the PS for all chlorine residuals tested between 0.25 and 29.5 mg/liter. The effective residual for 50% inactivation for the free virus was 1.4 mg/liter compared to 6.6 mg/liter for the virus in the PS. This amounts to a 4.6-fold increase in the chlorine required to inactivate the virus in the PS. Additional experiments using PS and MF preparations in PBS and autoclaved effluent showed similar protection against chlorine inactivation of virus in the PS suspensions.
After centrifugation for 20 min at 20,000 rpm, 83% of the virus in the PS and 32% of the virus in the AVS was found in the pellet, i.e., was associated with particles larger than about 0.1 ,im in diameter. No pellet was detected when the MF was centrifuged. In the MF, viral aggregation or adsorption to solids smaller than 0.22 ,tm could provide protection, but these results show that little or no additional protection is afforded by secondary adsorption to particles larger than 0.22 ,im. In contrast, virus in the PS was protected, presumably by occlusion within particles.
DISCUSSION
In the present work, virus which was closely associated with or occluded within small fecal particulates was protected from chlorine inactivation. This protection was in addition to any protection due to aggregation of virions or secondary adsorption to added organic particles. Protection due to secondary adsorption onto particles greater than 0.22 ,um appeared to be insignificant for inactivation by monochloramines. An approximate 4.5-fold increase in chlorine dose was required to achieve the same inactivation of virus in the PS as in the AVS or MF.
Hoff's data (paper presented at the Conference on the Evaluation of Microbiology Standards for Drinking Water, 13-14 April 1977, Washington, D.C.) indicate that cell-associated poliovirus is slightly protected from HOCI compared to that in an artificial cell-virus mixture. Virus in both of these suspensions is greatly protected compared to a cell suspension with virus added separately.
In contrast to Hoff's work, the present work showed no additional protection afforded to virions which were secondarily adsorbed to organic particles (AVS) when compared to the free virus in the MF (Fig. 3) . This may be due to the presence of aggregates in the MF or to protection afforded by particles smaller than 0.22 ,um. However, the differences between the present study and Hoff's work suggest the possibility of a difference in the mechanisms of protection from free and from combined residual chlorine. The conditions in Hoff's work gave free chlorine residuals of 1.5 to 3.0 mg/liter. Since HOCI was the major active agent, the adsorption of virions to organic, chloiine-demanding particles could act to protect the virion from this agent. In the present work, in which chlorine was present as combined chlorine, the associated organic particles would not be anticipated to create a significant demand on the combined chlorine present and, thus, may offer little additional protection to the virus. This is supported by the results of Boardman and Sproul (1) (7) , and differences may also exist in the relative protection that they receive from adsorption.
Protection due to occlusion may represent a direct physical separation from the chlorine and would be operable regardless of the form of the chlorine. It is this protection that is described in the present work.
The protection afforded by occlusion within particles was relatively small compared to differences in inactivation due to the presence of dissolved organics (Fig. 1) . The difference between the suspensions of high and low organic content is easily explained by the presence of free chlorine residual in the suspension with low dissolved organics. This is further evidence of the well-documented superiority of free chlorine residuals (Cl2, HOCl, and OCI-) in disinfection compared to combined chlorine residuals (NH2Cl and NHCl2) (7, 8, 17) .
The rates of inactivation observed in the present study are comparable to those reported by others using a similar sodium hypochloritewastewater system (3) . In the present study, 1 to 10 mg of Cl per liter in the form of combined VOL. 38, 1979 on November 6, 2017 by guest http://aem.asm.org/ Downloaded from chlorine was necessary to achieve 50% inactivation in 15 min. By comparison, 0.2 mg/liter as free chlorine produced 99% inactivation of poliovirus 1 in 2 min in a demand-free system at pH 10 (11). Kelly and Sanderson (7, 8) reported similar differences between inactivation by free and combined residuals.
Temperature and pH have a substantial effect on the inactivation of viruses by chlorine (7) . Under the conditions used in the present study (22°C and pH 8), the free chlorine residual would exist primarily as OC-. A free chlorine residual was present in the low organic PS only (Fig. 1) . Under different conditions of temperature and pH, the relative protective effects due to occlusion and secondary adsorption could change since, as suggested above, the presence of a different species of the inactivating agent may influence the degree of protection afforded virus by adsorption to organic particles.
The observed protection from chlorine inactivation demonstrated for occluded virions is substantial and may be just a fraction of that afforded to virions which are so enmeshed within minute organic particulates that they were not released by the elution techniques used here. The present research did not examine protection above the 95% inactivation level, and it is possible that solids-occluded virions are even more important at the higher levels of inactivation. For this reason, such particulates and their associated virions must be considered important in water treatment processes. Efficient removal of particulates before chlorination is thus implied. Unfortunately, the disposal of the removed solids poses an equally complex problem.
